Abstract. A comparative study was conducted to evaluate the infl uence of seven different levels of irrigation applied to 'Arbequina I-18' olive (Olea europaea L.) trees grown in a super-high-density orchard (1,656 trees/ha) in the Sacramento Valley of California. Water was applied differentially by drip irrigation at rates of 15%, 25%, 40%, 57%, 71%, 89%, and 107% evapotranspiration (ETc) ), percentages of cholesterol and erythrodiol were signifi cantly infl uenced by tree irrigation levels, but increased in one year and either decreased or were unchanged the next. Oil sensory properties of fruitiness, bitterness, and pungency all declined in oils made from trees receiving more water. The lowest irrigation levels produced oils that were characterized by excessive bitterness, very high pungency, and woody, herbaceous fl avors. Intermediate irrigation levels (33% to 40% ETc) produced oils with balance, complexity, and characteristic artichoke, grass, green apple, and some ripe fruit fl avors. Higher irrigation levels lowered oil extractability and produced relatively bland oils with signifi cantly less fruitiness and almost no bitterness or pungency.
Historically, olives for oil production have been dry farmed (nonirrigated), in Mediterranean climates where almost all precipitation occurs in the winter months. Olive trees were traditionally planted at wide spacings so they would have enough stored soil moisture for the entire growing season. Modern orchards have been planted at higher densities and are irrigated. These orchards achieve heavier yields and alternate bearing is reduced. (Beede and Goldhammer, 1994) . Irrigation can dramatically increase fruit yields per hectare and consequently increase total production of oil, even though the percent of oil in an individual fruit declines (d ' Andria et al., 2002; Goldhammer et al., 1994; Lavee et al., 1990; Moriana et al., 2003) . Some researchers also found that extraction of oil from the fruit in the milling process was affected by tree irrigation level Faci et al., 2000) . The amount of irrigation water that olive trees receive also affects oil quality characteristics such as acidity; polyphenol content; K-232; K-270; K-225 (bitterness); and oxidative stability. In most cases these researchers found that the polyphenol content, and oxidative stability was reduced by increased orchard irrigation levels, but some found enhanced polyphenol levels in irrigated trees when comparing only two treatments, dry-farmed to irrigated (Beltrán et al., 1995; Faci et al., 2002; Gucci et al., 2004; Inglese et al., 1996; Ismail and Stavroulakis, 1999; Salas et al., 1997; Tovar et al., 2002) . The effects of different irrigation levels on oil sensory characteristics was found in most cases to reduce fruitiness, bitterness and pungency as trees were given more irrigation water. All of this work was conducted in either old widely spaced orchards or more modern orchards with intermediate tree spacings and most of the evaluations compared only a few different irrigation levels.
The super-high-density system (1,500 to 2,500 trees/ha) was developed within the last decade to facilitate the use of over-the-row mechanical harvesters and to bring orchards into production within a few years after planting. To accommodate the harvester, vigor must be managed to limit tree size while maintaining high productivity. The tree spacing, pruning, weed control, pest management, nutrition and irrigation are being managed very intensively within these orchards, but little has been documented about how changes within cultural practices might affect performance. In this experiment we collected data from Arbequina olives grown in a super-high-density system measuring the effects of seven different irrigation levels on shoot growth, fl owering, fruit set, fruit size, fruit maturity, oil extraction, oil chemical attributes, and oil sensory characteristics. The goal of this experiment was to determine the effect of different irrigation treatments on fruit maturity, oil extractability, and the sensory and chemical parameters of the olive oil. The orchard was located in the Northern Central Valley of California where the climatic conditions are generally regarded to have higher average temperatures and greater light intensity than most locations in Europe. We wanted to document which irrigation levels provided for optimum oil fl avor and chemical characteristics that would also coincide with some water conservation and tree vigor management. The horticultural parameters and water usage fi gures are documented in a separate paper (Berenguer et al., 2004 ).
Materials and Methods
Seven different irrigation treatments were applied in the fourth and fi fth growing seasons in a super-high-density planting (1.55 × 3.9 m, 1,656 trees/ha) of 'Arbequina I-18' olives in 2002 and 2003. The orchard is located in the Sacramento Valley of California near Oroville. The soil is described as a Redding gravel sandy loam with a hard pan at about 1 meter. The climate is interior Mediterranean with many days reaching 38 °C during the summer. Olive evapotranspiration (ETc) was estimated using the daily reference evapotranspiration (ETo) provided by a nearby California Irrigation Management Information System (CIMIS) weather station and a crop coeffi cient (Kc) that was determined experimentally (Beede and Goldhamer, 1994) and adjusted at our experimental site using a reduction coeffi cient (Kr) (Fereres and Castel, 1981) to account for orchard canopy coverage. Therefore the water use of the olive trees (ETc) was calculated as ETc = ETo × Kc × Kr. Canopy coverage was measured at the beginning of the experiment and again after fruit harvest. The experiment was designed as a randomized block with three replications. Each of the 21 plots consisted of three, eight-tree rows. The center four trees were used for all measurements and harvest; surrounding guard trees eliminated the infl uence of one treatment on the next. The trees were drip irrigated with different combinations of 2 and 4 L·h -1 pressure-compensating emitters (one to three emitters/tree) in order to achieve the various application rates. Average irrigation frequency was fi ve to six times per month over the season.
In 2002, the season-long irrigation treatments started on 24 Apr. and lasted until 9 Oct. Each of the treatment trees received 32 irrigations during the season as a percentage of evapotranspiration (ETc) 15% (341 L), 25% (591 L), 40% (1,182 L), 57% (1,773 L), 71% (2,364 L), 89% (2,955 L) and 107% (3,546 L). The lowest water-application treatment differed from the other treatments in that initially the trees were without irrigation (until 22 July when they showed considerable stress). At this time a single emitter per tree was added, which applied the same rate as the second-lowest (25% Etc) water application treatment. Fruit was harvested on two different dates, 31 October and 18 November.
In 2003, the grower cooperator wanted to increase total growth in the young trees, which had been observed in the trees receiving more water the previous year. The frequencies of all the irrigation treatments were increased to 12 to 14 times per month. Each of the treatment trees received the following percentages of ETc and corresponding liters of water for the season in 68 irrigations: 28% (653 L), 33% (796 L), 55% (1,592 L), 75% (2,387 L), 93% (3,183 L), 117% (3,979 L), or 140% (4,775 L). Irrigation treatments started on 29 May and ended on 19 Oct. and the average irrigation frequency was 12 to 14 times/month over the season. The two harvest dates were 28 Oct. and 25 Nov. The fruit was measured for maturity index at both harvest dates both years (Hermoso et al., 1991) . The maturity index scale is from 0 to 7 with the following numbers corresponding to fruit color and maturity level: 0 = skin color deep green, fruit hard; 1 = skin color yellow-green, fruit starting to soften; 2 = skin with less than half the fruit surface turning red, purple, or black; 3 = skin color with more than half the surface turning red, purple, or black; 4 = skin color all purple or black with all white or green fl esh; 5 = skin color all purple or black with less than half the fl esh turning purple; 6 = skin color all purple or black with more than half the fl esh turning purple; 7 = skin color all purple or black with all the fl esh purple to the pit.
Fruit samples were taken to the laboratory and stored in a cold room at 4 °C. Oil was extracted using the Abencor method (Martinez et al., 1975) . The fruit was crushed, malaxated, centrifuged, decanted and fi ltered, then stored in dark glass bottles at 4 °C. The percentage of extractable oil was determined for each sample. The Abencor system estimates the industrial oil yield of large-scale commercial systems, but with small fruit samples. Oil samples were analyzed for free acidity, peroxide value, polyphenol content, oxidative stability (rancimat hours), K 270 , K 232 , sterol content, and fatty acid composition.
Free fatty acid levels were determined with a potassium hydroxide titration and the peroxide value titration was calculated by the liberation of iodine from potassium iodide. (EEC Reg. N o 2568/91-annex II and III). Polyphenol content was determined with a titrimetric reaction (Folin Denis) (Vazquez et al., 1973 Each oil, per treatment and replicate, was blindly tasted twice by fi ve tasters on two different dates. The International Olive Oil Council (IOOC) standard sensory profi le sheet was used for oil evaluations. It has an intensity rating range from 1 to 10 for fruitiness, bitterness, and pungency. Tasters wrote in descriptors to characterize the olive fruitiness and various undertones such as: woody, nutty, green, herbaceous, grass, artichoke, apple, and other ripe fruits. They also indicated their perception of balance and complexity within each oil. The tasters were trained members of the University of California Olive Oil Tasting Panel, recognized by the IOOC using offi cial IOOC tasting methodologies: (IOOC 1996 (IOOC , 1997 . The mean of each tasting session was calculated for each oil for the 21 plots (two samples and three replications/plot). The data were subjected to analysis of variance (ANOVA) and separation of the means was obtained using the least signifi cant difference (LSD).
Results
The change in fruit color from green to yellow-red-purple-black, as measured by maturity index, declined as the trees received more irrigation water (Table 1 ). In 2002, the later harvested fruit had a maturity index that was signifi cantly greener in color by a factor of -1.06 from the driest to the wettest trees. In 2003, both the late and early harvested fruit had signifi cantly less red to purple fruit coloration by a factor of -2.27 and -1.71 respectively, as the amount of irrigation water for the trees increased. The amount of extractable oil from the olives changed signifi cantly according to the amount of irrigation water given to each treatment. In both years the greatest amount of oil was extracted from the second lowest irrigation treatment (25% and 33% ETc). The extractability of the oil from the olives increased slightly with an increase in irrigation In 2002, as the irrigation level of the olive trees increased, the total polyphenols in the olive oil signifi cantly decreased, particularly at the lower levels of irrigation ( Table 2) . As irrigation increased from 15% ETc to 25% ETc, the level of polyphenols decreased by one-third, and then dropped again by one-third when irrigated at 40% ETc. Levels of total polyphenols continued to decline in treatments receiving increasing amounts of water, but at a much slower rate. The four highest irrigation treatments (57%, 71%, 89%, and 107% ETc) produced oils that were not signifi cantly different from each other. In 2003, with each increasing irrigation treatment level, there was only one level (33%) that showed a signifi cant difference in total polyphenol content and oxidative stability (Table 3) UV absorbance in the 270 and 232 nm spectrum indicates the presence of oxidized compounds. The K-232 absorbance showed only a slight signifi cant difference in both years, and only for the lowest irrigation treatment level. In 2002, the K-270 levels were signifi cantly different between the three lowest irrigation treatment levels, but there was no difference between any of the treatments above 40% ETc. For 2003, when all the treatments received more water, no signifi cant differences in K-270 levels were observed among any of the treatments. Oil peroxide values in 2002 were different only at the two extremes of irrigation treatment levels and the value was highest from trees receiving the most water. In 2003, similarly, the differences in peroxide value were greatest between the extremes in irrigation levels, but the highest value occurred in the oil made from trees receiving the least amount of irrigation. Free fatty acid (percent oleic) concentrations in oil extracted from fruit on trees that had received higher irrigation rates, were signifi cantly higher in 2002, but showed no signifi cant difference in 2003 even though they were quite different numerically.
The fatty acid composition of olive oils changed slightly with tree irrigation level (Tables 4 and 5 ). Some of the differences were signifi cant and consistent in both years, but most were not. In 2002, oleic acid was decreased mildly as trees were given more water. Only the lowest two irrigation treatment levels, however, were signifi cantly different from most of the treatments. For the lowest irrigation level, the percentage of oleic fatty acid was the highest by 2.5%. Palmitic acid levels were not affected by irrigation treatment levels. Palmitoleic, linoleic, and linolenic fatty acid levels signifi cantly increased by 62%, 17%, and 6% respectively, in oils made from trees receiving increased amounts of irrigation. Heptadecanoic, heptadecenoic, and stearic fatty acid levels signifi cantly decreased by 29%, 24%, and 21% respectively, in treatments receiving more water. Mono-unsaturated type fatty acids declined in relation to the poly-unsaturated fatty acids that signifi cantly increased when comparing the lowest (15% ETc) irrigation level with treatments of 40% ETc and above (Table 6 ). The levels and ratio of saturated and unsaturated fatty acids was unchanged due to irrigation.
In 2003, the only fatty acid showing signifi cant differences similar to the previous year, due to more irrigation, was stearic, which decrease by 50% (Table 7) . Again, the lowest and the highest irrigation levels showed the greatest change. Palmitic, palmitoleic, heptadecanoic, heptadecenoic, oleic, linoleic, linolenic, and arachidic fatty acids did not change signifi cantly due to tree irrigation levels, but gadoleic and behenic fatty acids did. The relative fatty acid composition of oils in 2003 showed no signifi cant differences in the ratio between mono and poly unsaturated or between saturated and unsaturated fatty acids due to tree irrigation levels.
The total sterol content and some individual sterols of olive oils made from trees receiving increasing levels of irrigation, from 15% to 107% ETc in 2002 and from 28% to 140% ETc in 2003, showed some signifi cant changes both years, but results were not consistent from one year to the next (Table 8 and 9 ). The total sterol content (mg·kg The β-sitosterol, and ∆-7 stigmasterol levels were unchanged due to irrigation treatment in both years. In 2002, the oil made from 15% ETc irrigated trees had the highest fl avor intensity of all the treatments for fruitiness (3.6), bitterness (6.0), and pungency (4.9) ( Table 10 ). The fl avor was therefore unbalanced, very woody, strongly herbaceous, green, extremely bitter, very pungent, and lacking in complexity. The oil made from trees receiving slightly more water (25% ETc) was less intense in all attributes, with a fruitiness of (3.2), and signifi cantly less bitterness (4.2) and pungency (3.9), but was still unbalanced. This oil was characterized as slightly woody, herbaceous, green, and lacking complexity. The intermediate irrigation levels (40% and 57% ETc) produced olive oils with fairly high fruitiness (2.7 and 2.6 respectively) that was greater in intensity than the bitterness (1.7 and 0.93 respectively), and pungency (1.9 and 1.1 respectively). They both were balanced oils. The oil made from 40% ETc irrigated trees was complex, with the taste panel members indicating that it had very pleasing characteristics of artichoke, green apple, grass, nuts, and undertones of some other ripe fruits. The oil from 57% ETc irrigated trees, had almost the same intensity of fruitiness as the 40% ETc oil, but signifi cantly less bitterness and pungency. Bitterness and pungency were reduced more by this level of irrigation than was fruitiness.
The oil was characterized as slightly grassy with a complexity of ripe olive fruit fl avors and undertones of green apple and artichoke. The oils made from trees that received the most water (irrigated at or above the 71% ETc level), had very little bitterness or pungency (below 0.3 for both), but also had signifi cantly less fruitiness intensity (2.1 to 1.7) than the lower irrigation treatment levels. The oils made from olives on trees that were irrigated at the 71%, 87%, and 107% ETc levels were almost indistinguishable from each other. They were all characterized as being bland, with a very mild ripe olive fruit fl avor. They were balanced, but lacked complexity.
In 2003, the most intensely fl avored and 2001 and Hermoso 1991). UV absorbance (K 270 and K 232 ) of oils that were differentially irrigated were only affected by irrigation at the low to moderate levels. None of the irrigation treatments had enough of an effect on the oils to take them out of the category of extra virgin under International Olive Oil Council (IOOC) standards. The quality parameters of total polyphenol content and oxidative stability, which are closely linked, are shown to be dramatically affected by tree irrigation level. The more water trees are given above the low to moderate irrigation levels, the more likely the oils will have a signifi cant reduction in polyphenol content and subsequent reduction in stability. Since these compounds are mostly water soluble, it is not surprising that the water status of the tree and its fruit have an infl uence on the amount of polyphenols remaining in the oil after processing. The effect of differential irrigation levels had a mild effect on some fatty acids and some sterols, but from a practical perspective, those changes did not adversely affect quality or take the oils out of the extra virgin category by IOOC standards. Sterols and fatty acid content is used primarily to identify food fraud from improperly labeled, adulterated mixtures of different types of seed, refi ned, or pomace oils blended with extra virgin olive oil. The amount of irrigation water applied to trees should not have any negative effect on these parameters. The inconsistent results between years would indicate that other, unknown variables may be more relevant than water status in affecting these parameters.
The typically mild-fl avor characteristics associated with Arbequina olive oil can be exaggerated with increasing amounts of irrigation water to a point where the oil becomes bland, fl at, and one dimensional. Low to moderately irrigated trees, however, produce complex oils that are fruitier with a balance of bitterness and pungency, without any of the harsh woody characteristics of oil produced from under irrigated or drought stressed trees. Intensity of fruitiness, bitterness, and pungency, the three primary positive attributes of olive oil, were all higher in trees receiving low to moderate balanced oils were made from trees at the lower irrigation levels (28% and 33% ETc) (Table 11 ). Fruitiness (4.2 and 4.1 respectively) was not signifi cantly different at these irrigation levels. Bitterness and pungency were signifi cantly different, however. In oils made from trees irrigated at 28% and 33% ETc, bitterness dropped almost half from 1.6 to 0.96 and pungency dropped from 2.8 to 1.9. These oils were characterized as very fruity, balanced, and complex with both green and ripe fruit fl avors. Trees receiving 55% and 74% ETc produced oils that were intermediate in fruitiness (3.2 and 2.8 respectively), but very low in bitterness (0.47 and 0.28 respectively) and pungency (1.1 and 0.63 respectively). They were characterized as unbalanced. Fruitiness, bitterness and pungency were all very low in 2003 in all of the three highest irrigation level treated trees (93% to 149% ETc). These oils were described by the taste panel members as having mild ripe fruit fl avor, but as unbalanced due to an almost complete lack of bitterness and pungency.
Discussion
A water management strategy for oil olive production to optimize yield, control the amount of shoot growth, maintain tree size, reduce alternate bearing, or affect any other horticultural parameter, must take into consideration the ultimate effect on oil quality. The data from this work needs to be evaluated in combination with all of the horticultural factors that lead to annual bearing of heavy crops and good oil extraction that are also infl uenced by irrigation. Ultimately, these infl uences must be balanced, taking into account such economic factors as water costs, tree management, and harvest costs in order to apply the best possible irrigation strategy to each orchard. This study in a super-high-density Arbequina orchard, demonstrated that the quantity of water applied to trees has a profound infl uence on olive oil quality very similar to results by other researchers (d ' Andria et al., 2002; Faci et al., 2002; Gucci et al., 2004; Salas et al., 1997; Tovar et al., 2002) . It also showed that increased water applied to trees receiving the lower levels of irrigation (under irrigated) had a strong yet generally negative infl uence on both the chemical and sensory properties of the oil, more so than did increases in water applied to well irrigated trees. Producers who want to optimize oil production, which is a function of fruit yield and oil extraction, need to take into account the benefi ts of moderate water status and be aware that excessive irrigation can dramatically reduce the oil yield (extraction) from the fruit. They also need to consider that optimum oil sensory characteristics are achieved with moderate water stress.
The traditional parameters used to evaluate oil quality such as peroxide value and free acidity were only slightly affected by tree irrigation levels and that was only when comparing the extremes (least and most irrigated treatments). This makes sense since it is well known that these indices of quality are mostly affected by fruit handling and paste manipulation. (Alba amounts of irrigation water in both years. With the increase in water given to all the irrigation treatments in the second year to encourage greater tree growth, the overall effect was to moderate the bitterness and pungency, without adversely affecting fruitiness. Fruitiness was in fact higher the second year under all irrigation levels compared to the fi rst year. This may lead to a recommendation of increasing water application rates in an effort to reduce these two fl avor components and still maintain a high level of fruitiness. If, however, a producer wanted to increase the intensity of bitterness and pungency, they might choose to limit water applications. Care should be taken however to not under irrigate trees and produce unbalanced oils with both bitterness and pungency that is high relative to fruitiness, or to produce oils with less appealing woody fl avors. Regarding oil quality, it seems that an ideal irrigation program under our experimental conditions would be to provide a sustained season-long irrigation defi cit of about 33% to 40% ETc, to achieve good oil extractability from the olives and to maintain excellent oil chemical parameters, fl avor, and stability. Future research work should focus on controlled defi cit irrigation near these general levels with modifi cations to timing and frequency. Irrigation effects on per hectare yield, growth, and return bloom must also be considered. This is the subject of a companion paper submitted by the authors.
